Although use of oral contraceptives (OCs) is common, their influence on carcinogenesis is not fully understood. We used Cox proportional hazards models to examine OC use (never/<1 year (referent), 1-4, 5-9, ≥10 years) and development of incident cancers across body sites within the same base population: women in the prospective National Institutes of Health-AARP Diet and Health Study (enrolled 1995-1996 and followed until 2011). Adjustment for confounding varied by outcome; all models accounted for age, race, body mass index, and smoking status, and included at least 100,000 women. Any OC use conferred a 3% reduction in the risk for any cancer (hazard ratio = 0.97, 95% confidence interval: 0.95, 0.99). Expected risk reductions that strengthened with duration of use were identified for ovarian and endometrial cancers and were suggested for kidney cancer (all P for trend < 0.05). Non-Hodgkin lymphoma risk (hazard ratio = 0.79, 95% confidence interval: 0.64, 0.97) was reduced with 10 or more years of OC use. There was a 37% reduced risk for bladder cancer and 46% increased risk for pancreatic cancer among long-term OC users who were 60 years of age or younger at baseline. OC use did not influence risks for most other cancers evaluated. Given the high prevalence of use and changing formulations, additional studies are warranted to fully understand the chemopreventive effects of these medications.
Oral contraceptive (OC) use is ubiquitous in the United States and the benefits and risks associated with this use are fairly well documented (1, 2) . However, the influence of OCs on processes such as carcinogenesis is not fully understood-a problem complicated by the long pathogenesis of cancer and the lack of detailed information on OC use in cancer cohorts. OCs could potentially influence cancer development by altering estradiol-toprogesterone ratios, immune responses, and even 1-carbon metabolism (3, 4) .
Current OC use is associated with increased risk of breast cancer and longer duration of OC use reduces risks for ovarian and endometrial cancers (5, 6) . Less is understood about risks for other cancers, and even among cancers for which enough literature exists to merit reviews and meta-analyses, there is considerable heterogeneity across studies. There is increasing evidence that suggests a hormonal etiology for many cancers in women, yet much remains to be learned about the influence of exogenous hormones. Furthermore, the formulation of OCs has changed considerably since their debut, which may mean that associations between OC use and cancer development will change over time (2, 7) . As such, it behooves us to continue investigating OC use and cancer.
Relative to meta-analyses on OC use and individual cancers, using data from the same base population to explore cancer risks minimizes residual confounding and systematic bias through standardized recruitment and data collection. Therefore, we examined the associations between OC use and risks for cancer across organ sites in the large prospective National Institutes of Health (NIH)-AARP Diet and Health Study. To our knowledge, this is the largest US cohort used to explore OC use and cancer, and women also provided information on the duration of OC use.
METHODS

Study population
The NIH-AARP Diet and Health Study (www.clinicaltrials. gov; NCT00340015) is a prospective cohort study that began in 1995-1996; methods for the study were approved by The National Cancer Institute Special Studies Institutional Review Board (8) . Approximately 3.5 million AARP members between the ages of 50 and 71 years and residing in 6 states (California, Florida, Louisiana, New Jersey, North Carolina, or Pennsylvania) or 2 metropolitan areas (Atlanta, Georgia, or Detroit, Michigan) were mailed a baseline questionnaire. Of these, 566,398 members returned satisfactorily completed questionnaires, provided informed consent, and did not die or move before study entry. We excluded participants who completed questionnaires by proxy respondents (n = 15,760), were men (n = 325,171), had a previous history of cancer (n = 23,998), were identified as having cancer through death reports only (n = 1,430), showed disagreement between reported sex (n = 136), indicated that their menses had stopped due to chemotherapy or radiation (n = 157), and who did not provide information on OC use (n = 3,210). The final analytic population was 196,536 women. For analyses of ovarian cancer, we additionally removed women who had a bilateral oophorectomy or were missing this information (n = 45,675); for endometrial cancer, we removed from analysis women who had a hysterectomy or were missing this information (n = 81,935). Information on the duration of OC use and other demographic, health, and lifestyle characteristics was queried at baseline. Information on timing of OC use and drug formulation was unavailable. An additional questionnaire that collected information on body mass index (BMI) as a teenager was sent approximately 6 months after the baseline questionnaire; this information was available for 122,986 women and used only in sensitivity analyses.
Cohort follow-up and case ascertainment
Cancer cases were ascertained through linkage with state registries for the original 8 states plus Arizona, Texas, and Nevada, which are states to which cohort members commonly migrated. Vital status was determined by linkage to the Social Security Administration Death Master File, the National Death Index Plus, and the state registries. Participants were followed from enrollment until the first date of diagnosis of any cancer, the date of death, the end of study follow-up (December 31, 2011), or the date of loss to follow-up, whichever occurred first.
We examined risks for registry-confirmed, incident, invasive cancers with approximately 200 or more cases: any cancer (n = 33,618), acute myeloid leukemia (n = 204), bladder (n = 547), brain (n = 357), breast (n = 10,599), chronic lymphocytic leukemia (n = 327), colorectal (n = 3,246), endometrial (n = 2,189), head and neck (n = 599), kidney and renal pelvis (n = 815), lung and bronchus (n = 5,423), multiple myeloma (n = 437), nonHodgkin lymphoma (n = 1,494), ovarian (n = 1,223), pancreatic (n = 1,000), stomach (n = 304), and thyroid (n = 500). We did not analyze cancers for which crucial risk factor information was unavailable (e.g., sun exposure and melanoma or human papillomavirus and cervical cancer). Head and neck cancers included those in the lip, tongue, salivary gland, gum/mouth, pharynx, tonsil, and larynx. Ovarian cancers included those identified as ovarian (n = 1,066), fallopian tube (n = 40), or peritoneal (n = 117). We used International Classification of Diseases for Oncology, Third Edition, histology codes to identify cases of acute myeloid leukemia (9840, 9861, 9865-9867, 9869, 9871-9874,  9895-9897, 9898 , 9910-9911, 9920) and chronic lymphocytic leukemia (9823). We did not make any exclusions based on histology (e.g., endometrial cancer cases include those with epithelial tumors and sarcomas).
Statistical analyses
We defined OC use as any use or the duration of use (1-4, 5-9, or ≥10 years) relative to never using OCs or using them for less than 1 year. We used Cox proportional hazards models to estimate hazard ratios and 95% confidence intervals for the associations between OC use and time to diagnosis of cancer. Age was our time metric and we adjusted for baseline age to minimize the impact of left truncation (9) . The exact method was used to handle ties. We report P values for trend across categories of duration of OC use. Tests of significance were 2-sided and an α of 0.05 indicated statistical significance. To account for multiple comparisons across the 17 cancer outcomes in our overall models, we used a Bonferroni corrected P value of 0.003 to assess whether associations with 10 or more years of OC use remained statistically significant. All other analyses were exploratory and not corrected for multiple comparisons.
We used knowledge of the literature and directed acyclic graphs to select potential confounders. To address our primary goal of comparing OC associations across cancer sites, we chose to use a consistent adjustment strategy in our models, adjusting for confounders but not mediators. All models were adjusted for age, race, BMI, and smoking status at the time of the baseline questionnaire. We additionally adjusted for age at menarche, alcohol use, number of cigarettes smoked per day, and/or physical activity at baseline, depending on the cancer outcome. All adjustment factors were categorized as presented in Table 1 .
We performed the following sensitivity analyses: 1) Information on BMI and physical activity as a teenager was available for some participants. We adjusted for these factors in a series of models rather than BMI and activity at baseline, because the latter would not directly affect prior OC use. 2) We excluded the first 2 years of follow-up in the event that clinically undetected malignancies influenced reporting of information at baseline. 3) We excluded women with end-stage renal disease in our kidney cancer models and 4) those with emphysema in our lung and bronchial cancer models. 5) We adjusted for a history of diabetes in the pancreatic cancer model. 6) We evaluated risk for all cancers stratified by age at baseline (≤60 years, >60 years) to assess the potential influence of OC formulation or recency of use. Analyses were performed with SAS, version 9.3 (SAS Institute, Inc., Cary, North Carolina) and forest plots were generated with R Studio (10) .
RESULTS
Sixty percent of the participants never used OCs or used them for less than 1 year (Table 1) . Only 10% of the population were long-term users of OCs (≥10 years). Long-term users were more likely to be younger and premenopausal, have completed Figure 1A ). Overall, we identified null associations, in terms of magnitude, between any OC use and most cancers. Risk reductions were observed for ovarian (hazard ratio (HR) = 0.74, 95% CI: 0.65, 0.84) and endometrial cancer (HR = 0.78, 95% CI: 0.70, 0.86) and were suggested, but not statistically significant, for brain (HR = 0.82, 95% CI: 0.64, 1.04), colorectal (HR = 0.96, 95% CI: 0.88, 1.04), kidney and renal pelvis (HR = 0.87, 95% CI: 0.74, 1.02), and lung and bronchial cancers (HR = 0.96, 95% CI: 0.90, 1.02). Elevated risks for breast (HR = 1.04, 95% CI: 1.00, 1.09) and pancreatic (HR = 1.11, 95% CI: 0.97, 1.28) cancers as well as multiple myeloma (HR = 1.21, 95% CI: 0.98, 1.50) were suggested.
The risk reduction for any cancer strengthened with duration of OC use (long-term OC use: HR = 0.96, 95% CI: 0.92, 1.00; P for trend < 0.01) (Table 2, Figure 1B ). Longer duration of use conferred stronger risk reductions for ovarian and endometrial cancer (P-trends < 0.01). The long-term OC use associations for endometrial and ovarian cancers were statistically significant at a Bonferroni corrected P value of <0.003. The reductions in risk suggested for any OC use and brain, colorectal, and lung and bronchial cancers were not statistically significant across durations of use and were close to the null in magnitude. The reductions in risk for kidney and renal pelvis cancer strengthened monotonically across strata of OC use duration but were imprecise (reductions ranged from 5% to 21%; P for trend = 0.03). Long-term OC use was associated with a reduced risk of non-Hodgkin lymphoma (HR = 0.79, 95% CI: 0.64, 0.97; P for trend = 0.05). The magnitudes of association indicated increased risks for breast cancer and multiple myeloma across durations of OC use, but null associations could not be ruled out.
Reductions in risk for any cancer, as well as endometrial and kidney and renal pelvis cancers, were strongest among women who were 60 years or younger at baseline (Table 2) . Similarly, reductions in risk of bladder cancer were noted among this group of women and strengthened with increasing duration of OC use (long-term OC use: HR = 0.63, 95% CI: 0.39, 1.01; P for trend < 0.01). The reduced risk for non-Hodgkin lymphoma associated with long-term OC use was visible regardless of age at baseline but became imprecise. Among women 60 years or younger at baseline, we identified increased risk for pancreatic cancer associated with any OC use and the association strengthened with increasing duration of use (long-term OC use: HR = 1.46, 95% CI: 1.00, 2.14; P for trend = 0.03). The increased risks for multiple myeloma suggested in the overall models were attributable to women who were older than 60 years at baseline, but confidence intervals were imprecise and no trend was observed. Our overall findings were consistent after performing the other sensitivity analyses described in the Methods.
DISCUSSION
The chemopreventive effects of OCs may stem from the decreased production of and exposure to endogenous estradiol across the menstrual cycle, which is a result of biofeedback changes to the hypothalamus-pituitary-adrenal axis and the continuous progestin dose provided by these medications (11) . OCs may exert long-term influences on hormone metabolism (12; B.T., unpublished data, 2017). Though the impact of these medications is not fully understood, it is possible that changes in sex-steroid hormone metabolism influence later health by altering epigenetic regulation/transcription, cellular proliferation, lipid metabolism, cytokine signaling, and even the microbiome (13) (14) (15) (16) (17) . Abbreviations: CI, confidence interval; HR, hazard ratio; OC, oral contraceptive. a All models were adjusted for age, race, body mass index, and smoking status (from the baseline questionnaire). Additional adjustment was made for specific cancer outcomes, as follows: any cancer (age at menarche, alcohol use, number of cigarettes smoked per day, physical activity); acute myeloid leukemia (alcohol use, number of cigarettes smoked per day, physical activity); bladder (age at menarche, cigarettes smoked per day); brain (none); breast (age at menarche, alcohol use, physical activity, family history of breast cancer); chronic lymphocytic leukemia (alcohol use, number of cigarettes smoked per day, physical activity); colorectal (age at menarche, alcohol use, family history of colon cancer); endometrial (age at menarche); head and neck (alcohol use, number of cigarettes smoked per day); kidney and renal pelvis (age at menarche, alcohol use); lung and bronchial (age at menarche, number of cigarettes smoked per day); multiple myeloma (alcohol use, physical activity); non-Hodgkin lymphoma (alcohol use, number of cigarettes smoked per day, physical activity); ovarian (age at menarche); pancreatic (alcohol use, number of cigarettes smoked per day); stomach (alcohol use, number of cigarettes smoked per day, physical activity); thyroid (alcohol use).
b Statistically significant (P < 0.05). c Trend across categories of duration is statistically significant (P < 0.05).
We estimated OC-associated cancer risks for a range of organ sites among participants from the same base population. Our findings were robust across sensitivity analyses. We identified cancer risk reductions and increases associated with OC use, which contributed to our overall effect estimate for risk of any cancer being relatively small (a 3% decrease). However, at the population level, OC use is very common and has the potential to affect the health of many women; 40% of our participants used OCs for at least a year. To our knowledge, the NIH-AARP study is the largest single US data source that has been used to Table 2 for details. CI, confidence interval.
explore OC use and cancer risk. One group has reported on OC associations with cancer across organ sites within the same study population in the United Kingdom (among approximately 46,000 women) (18) . That study, by Iversen et al. (18) , had longer follow-up time than ours but lacked information on important confounders like BMI, and the authors adjusted for potential mediators like parity and did not present results by duration of OC use. OC use and cancer risk have been looked at in other published analyses using data from the NIH-AARP study; however, we included the most recent information on cases and used a systematic adjustment strategy across cancer sites (e.g., selecting confounders based on the literature and directed acyclic graphing, not adjusting for mediators). Compared with consortia data and meta-analyses, using the same base population across analyses allowed for consistent measurement of confounders in all models.
Similar to what has been reported in other studies (see below), we identified risk reductions that strengthened with longer durations of OC use for ovarian, endometrial, and kidney cancers. Our results expand on other work in which more than 5 years of OC use reduced risk for non-Hodgkin lymphoma, but was not statistically significant; in our study, this association reached significance among women who used OCs for at least 10 years. Effect magnitudes for multiple myeloma were in the direction of increased risk, but estimates were imprecise and we did not observe a trend with increasing duration of OC use. Additional research into this novel association and potential mechanisms is needed. Interestingly, we noted stronger OC-associated risk reductions for any cancer and for endometrial, kidney and renal pelvis, and bladder cancers, as well as greater risk for pancreatic cancer among younger women, which may suggest that recency of use or drug formulation is important.
The OC-associated risk reductions for ovarian and endometrial cancers that we observed are comparable to those reported in an Agency for Healthcare Research and Quality Evidence Report on OC use and cancer (6). We did not observe a risk reduction for colorectal cancer that was as strong in magnitude (odds ratio for any OC use = 0.86, 95% CI: 0.79, 0.95) and the slightly elevated risks for breast cancer that we identified were attenuated and imprecise relative to the Agency for Healthcare Research and Quality findings (odds ratio for any OC use = 1.08, 95% CI: 1.00, 1.17) (6). This may be explained by the high proportion of postmenopausal women in our population, many of whom likely stopped using OCs years before our study began. According to research from a consortium (5), increased risks for breast cancer may be limited to current OC users and those who used these drugs within the past 10 years.
Our observations regarding kidney cancer risk reductions agree with a the findings of a meta-analysis (19) , in which a 20% reduction in risk for long-term OC use was found, though the definition of "long-term" varied across studies (risk ratio = 0.80, 95% CI: 0.68, 0.94). Karami et al. (20) used NIH-AARP study data and observed similar kidney cancer risk reductions, though they excluded premenopausal women and renal pelvis cancers and did not adjust for age at menarche. According to animal studies, estrogens, particularly catechol metabolites, may contribute to renal cancers through the production of oxidative stress and DNA damage (21, 22) . Our group found that estrone and catechol estrogen levels were significantly lower among postmenopausal women who were prior OC users compared with never users (B. T., unpublished data, 2017).
Results of animal studies also indicate that sex steroid hormones influence lymphomagenesis; higher lymphocyte levels among women who had recently used OCs were observed in some studies, but the impact of OC use on lymphoma risk is not understood (15, (23) (24) (25) . In the study from the United Kingdom (18) in which cancers were evaluated across organ sites, a strong reduction in risk was found for lymphatic and hematopoietic cancers (combined) associated with any OC use. A risk reduction for non-Hodgkin lymphoma that was of borderline statistical significance among women with more than 5 years of OC use (OR = 0.86, 95% CI: 0.73, 1.02) was reported in a meta-analysis (26) .
Sex steroid hormones and their receptors are hypothesized to play a role in bladder carcinogenesis because there are sex disparities in its incidence and fatality (i.e., more common in men, but diagnosed at advanced stages in women) (27) . Increasing parity is reported to reduce risk for bladder cancer in many studies (28) . In contrast with our finding of an OC-associated risk reduction for bladder cancer among younger women, authors of 2 metaanalyses concluded that OC use is not associated with bladder cancer risk (28, 29) . However, the influence of recency of OC use, drug formulation, or participant age group was not evaluated in most studies we identified (28, (30) (31) (32) (33) (34) (35) .
We estimated elevated risks for pancreatic cancer that strengthened with duration of OC use among women who were 60 years or younger at baseline. Our results were similar after adjusting for a history of diabetes. Sex steroid hormones, estrogen, in particular, may play important roles in endocrine and exocrine pancreatic functioning; changes in parameters like insulin sensitivity associated with hormonal contraceptives were observed in several studies, though the contraceptive pills and methods used were likely newer than were those used by our population (36) (37) (38) (39) (40) (41) . In the California Teacher's Study (42) , an increased risk for pancreatic cancer was noted with long-term OC use (HR = 1.72 95% CI: 1.19, 2.49), but increased risks with longer duration of use were not found in a study using data from the European Prospective Investigation Into Cancer and Nutrition (EPIC) (43) . Results that were stratified by age were presented in neither study, and both studies enrolled women younger than those in the NIH-AARP study.
We did not find associations between OC use or duration of use and thyroid cancer. In another NIH-AARP study analysis and in the EPIC cohort, significant risk reductions were found with long-term use (52% and 44% reductions, respectively) (44, 45) . The earlier NIH-AARP analysis, which included 312 cancer cases, had 5 fewer years of follow-up and was limited to postmenopausal women, and the authors arguably overadjusted for potential mediators and factors having an uncertain relationship with OC use (i.e., parity, menopause status, menopausal hormone therapy use, and age at last menstrual period) (44) . The updated estimates in our analysis for thyroid cancer were nearly identical to the earlier analysis for women who used OCs for 1-4 years; however, the reduction in risk with long-term use emphasized in the prior publication was attenuated, likely as a result of increased follow-up and case accrual. Age and study site were adjusted for in the EPIC study, but other key confounders were missed and OC use was measured as years the drugs were taken continuously, rather than cumulatively (45) . Authors of 2 meta-analyses reached different conclusions, despite overlap in the studies included; in the first, it was determined that any OC use was not related to thyroid cancer and in the other, that long-term use conferred a 16% reduction in risk (46, 47) . In many cancer studies, including NIH-AARP, older populations are enrolled. As such, our data may not be best suited to fully estimate the associations between OCs and thyroid cancer given that the incidence for papillary thyroid carcinoma first peaks among women of reproductive age (48) . Interestingly, in a study in which reproductiveage women were enrolled, researchers did not find an increased incidence of thyroid cancer (18) .
Our goal was to estimate the total effect of OC use on cancer risk, avoiding overadjustment by not including factors that were potential mediators in our models (i.e., on a causal pathway between OC use and cancer risk) (49, 50) . Adjustment for confounding differs considerably across publications, which makes comparisons with our results difficult. We were able to adjust for age at menarche, number of cigarettes smoked per day, alcohol use, and physical activity when estimating risks, unlike the study from the United Kingdom in which OC use and cancer associations across organ sites were reported (18) . In contrast with some studies, we did not adjust for parity, because OC use may influence it. Adjusting for lifetime parity, which was measured in our study at baseline, would not allow for the estimation of the total effect of OC use. An individual's pregnancy history before her first OC use might influence the decision to use these medications and cause confounding, but we did not have information on age at first birth and first OC use; this is a limitation of all study reports we examined.
Our study population was predominately composed of nonHispanic white, postmenopausal women and as such, generalizability to similar populations is limited. We also did not have information on recency of OC use and drug formulationsomething that is not evaluated in most studies. Our participants were likely using first-and second-generation OCs, which were marketed before 1989 (2, 7). Relative to first-and second-generation OCs, third-generation (1990-2000) and fourthgeneration (after 2000) drugs tend to contain lower doses of estradiol and progestins with less androgenic activity (2, 7). As such, we might expect that cancer associations with first-and secondgeneration drugs are the strongest. Interestingly, we found that risk reductions for endometrial, kidney, and bladder cancers and risk increases for pancreatic cancer were strongest among younger women in our population, which may mean that recency of use is a greater influence on cancer development. Studies in which women using newer drugs are enrolled do not have sufficient follow-up time to evaluate many cancer outcomes associated with these drugs. Additionally, the prevalence of OC use-only 40% of our population used these medications-and patterns of use will differ in future cohorts (e.g., more frequent use before first pregnancies). To improve our understanding of the hormonal etiology of many cancers and the chemopreventive effects of these medications, we should continue to study OC use and carcinogenesis.
